Abstract Damage to cutaneous nerves inhibits wound healing in patients. Results from animals on the nerve contributions to healing are various and sometimes contradictory. Here, we aim to clearly define the collective role of central, caudal, and rostral nerves in ear wound healing of mice, rats, and rabbits. These wounds heal with minimal contraction like wounds in humans. We resected central, caudal, and rostral nerves at the base of ear pinnae by microsurgery and created excisional full-thickness skin wounds in the pinnae neurologically downstream from the resections. Denervation in mice resulted in no closure for 14 days post-wounding (dpw) and led to only 17.2% closure at 21 dpw when the excisional wounds of non-denervated ear pinnae were completely closed. Compared to excisional wounds that were not denervated in sham surgery, wounds with denervation showed an increase of excisional wound areas for 5.0% by 7 dpw and a 43.7% reduction of wound closure at 12 dpw for rats. In rabbits, denervation attenuated wound closure for 14.2, 34.4, and 28.3% at 7, 14, and 18 dpw, respectively. Our histological analysis showed marked denervation impairment in pivotal healing processes, re-epithelialization and granulation tissue growth, suggesting denervation impairment in the regeneration of blood capillaries and/or connective tissue in wounds. These results reveal the critical contributions made by central, caudal, and rostral nerves in ear pinnae to minimal-contraction skin wound healing. Our study also provides small animal models of minimal-contraction wound healing of denervated ear skins that recapitulate human wound healing involving surgical or traumatic nerve damages.
Introduction
Millions of patients suffer from delayed wound healing. Wound healing in adult humans can be inhibited by damage to cutaneous nerves, such as through trauma or surgical procedures [1] [2] [3] [4] . The interaction between skin and peripheral nerves is believed to contribute to wound healing [5] . There is increasing evidence that cutaneous innervation is an important modulator of the normal wound healing process. Following damage caused by wounds, tissue develops a dense nerve network and forms close associations with cells within the wound environment, including endothelial cells [6] , macrophages [7] , and myofibroblasts [8] . Nerve systems produce reparative neuropeptides, regulate blood flow, and modulate neurogenic inflammation [9, 10] and local immune responses [11, 12] , all of which contribute to wound healing. The loss of neural function in the injury site could delay wound healing, leading to chronic wounds [2, 13] .
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There are several studies where denervation was observed in wound models, leading to impaired wound healing [14, 15] , reduced wound contraction, epithelialization, or granulation [2] . However, these conclusions were drawn from experiments on rodent dorsal skin wounds that are mainly healed by contraction, whereas human wounds are healed by re-epithelialization [16] [17] [18] . Furthermore, the nerves denervated by capsaicin or surgical procedures were not clearly defined, and capsaicin has significant side effects [2, 6, 13] . Recently, Ferguson's group found that comprehensive denervation of mouse ear pinnae resulted in impairment of outer ear regeneration from punched through-and-thorough holes [19] . However, the muscles and cartilage underneath the skin were removed in the punched through-and-thorough holes, which may not recapitulate common human skin wounds with muscles and bones underneath. Moreover, the comprehensive denervation may be difficult to reproduce quantitatively on many animals in the mechanistic studies because it demands great skill and much time. Veves' group found that excisional wounds, generated on rabbit ear pinnae that were made in neuroischemic [ligation of (central + rostral arteries) + resection of (central + rostral nerves)] or ischemic animals [ligation of (central + rostral arteries)] closed less when compared to sham animals (without ligation or resection). The major nerves entering the ear pinnae from the bases are central, caudal, and rostral nerves. Unlike Ferguson's group, which punched through the pinnae as well as the cartilage, Veves' team kept the cartilage intact since it stents the wound open and minimizes tissue contracture to less than 3%, allowing the wound to heal by re-epithelialization instead of contraction, thus recapitulating the healing found in human skin wounds [20] . However, the closure rates for neuroischemic and ischemic wounds were not significantly different, suggesting that the resection of central and rostral nerves might not be enough to affect wound closure. More nerves may need to be denervated in order to demonstrate the nerve's role in wound closure.
The background research above motivated us to conduct the experiments described in this report. Using mice, rats, and rabbits, we tested the hypothesis that the central, caudal, and rostral nerves of ear pinnae critically contribute to the healing of contractionminimal pinna skin wounds. The caudal nerves were resected too, in addition to the central and rostral nerves. Using these small animals we just mentioned, we studied the full-thickness excisional skin wounds of surgically denervated ear pinnae with intact cartilage underneath to minimize the wounded skin contraction. The wound closure, re-epithelialization, and granulation tissue growth were found to be markedly attenuated by the denervation. Moreover, the wound bed tissue and underlying cartilage in the pinnae regressed and formed holes in the denervated mice, but not in rats, rabbits, or non-denervated mice. Taken together, the results of our experiments supported our hypothesis, and thus, we were able to determine the species-dependent differences in the collective role of select nerves in contraction-minimal wound healing and preliminarily establish the models using these animals.
Materials and Methods
Studies were conducted in accordance with the Public Health Service Policy on Humane Care and Use of Laboratory. Procedures using animals were approved by the Institutional Animal Care and Use Committee of Louisiana State University Health Sciences Center, New Orleans. We used mice, rats, and rabbits that are detailed in the experiments below.
Surgical Procedures for Ear Pinna Denervation and Skin Excision
To determine roles of cutaneous nerves in skin wound healing, we resected the key nerve supplies to the left ear pinnae of mice, rats, and rabbits before wounding the denervated areas. This was conducted based on established neuroanatomy [21] [22] [23] . All surgical procedures were performed under anesthesia to access the rostral, caudal, and central auricular nerves in the ears of mice, rats, and rabbits. During the surgical process, we used an operating microscope and microsurgical scissors for precision cutting of the auricular nerves without damaging the surrounding tissues and blood vessels. The details of the surgical procedures are described below for mice, rats, and rabbits. After we established the surgical procedures, we acquired the quantitative data for each surgical condition (denervation or sham surgery without denervation) at each time point from four animals of each species (mice, rats, or rabbits).
Microsurgical Denervation and Full-Thickness Skin Excision of Mouse and Rat Ear Pinnae C57BL/6 mice or Sprague-Dawley rats (female, 8-10 weeks of age, Charles River Lab) were anesthetized by intraperitoneal injection of ketamine hydrochloride and xylazine (10 mg/ kg body weight) according to the standard protocol proposed by the animal facilities of the Louisiana State University Health Sciences Center, New Orleans. Under appropriate anesthesia, the hair in the surgical areas of the ear pinnae was depilated using Veet hair removal cream, and the skin surfaces for surgery were sterilized with 70% ethanol. We injected sterile saline (100 μl per site) intradermally into the pinna bases of the left ears to generate pouches. We then made an incision (8 mm for mice or 10 mm for rats) through the pouch using a No. 11 scalpel with a triangular blade to access the auricular nerves. Select auricular nerves (central, caudal and rostral) were picked out from surrounding tissues with microsurgical forceps and resected 2-3-or 4-5-mm length, for mice or rats, respectively, with microsurgical scissors without damaging the surrounding tissues and blood vessels. Immediately following the microsurgical procedures, 2-mm-diameter circular skin in full-thickness was excised from the left ear pinna above the base where the nerves were resected. Each excision was made using a 2-mm biopsy punch and microforceps. The same procedure was performed in the contralateral control ear on the right without the denervation. All the surgical procedures were performed carefully without damaging the auricle cartilage. The skin incisions were closed with 8-0 non-absorbable PROLENE sutures. The wounds were finally covered with transparent film dressings.
Microsurgical Denervation and Full-Thickness Skin Excision of Rabbit Ear Pinnae
New Zealand white rabbits (∼2.5 kg, 2.5 months of age, female, Charles River Lab) were anesthetized by intramuscular (epaxial muscles) injection of ketamine hydrochloride and xylazine (80 mg/kg body weight), a standard dosage posted by our animal facilities. Procedures similar to those of mice were conducted. Briefly, the surgical areas of the ear pinnae were depilated and sterilized. Sterile saline (200 μl per site) was injected intra-dermally into pinna bases of left ears to generate pouches, and then 15 mm incisions were made through each pouch using the scalpel to expose the auricular nerves. Under the direct vision via an operating microscope, we picked out the key auricular nerves (central, caudal and rostral) from surrounding tissues with microsurgical forceps and resected them (3-5-mm length) using microsurgical scissors without damaging the surrounding tissues and blood vessels. The incisions were closed with 8-0 non-absorbable PROLENE sutures. We then made four 6-mm-diameter circular full-thickness excisions of the pinna skin neurologically downstream of the denervation site at the pinna bases of the left ears. Each excision was made by a 6-mm-diameter biopsy punch. The auricle cartilage was intact in the surgery. The procedures were also performed in the contralateral ear on the right without the denervation, which was used as the non-denervated control. Transparent film dressings were used to cover the wounds.
Due to the small diameter of the nerves in these small animals (mice, rats, and rabbits), denervation surgery was conducted using an operational microscope and other microsurgery tools. The saline pouches at the skin sites for the denervation surgery, i.e., the bases of the ear pinnae, were needed to access these nerves. Denervation surgery of the mice consumed more time compared to rats or rabbits due to the animal's smaller size, and there are no previous publications that described this surgical denervation in rats.
Post-Operative Care
Each animal was housed in a separate cage after surgery. Animal behavior was monitored, including foraging, grooming, drinking, and eating. Sutures were removed from incisions at 5 days post-wounding (dpw).
Analysis of Wound Healing
Wound healing was measured according to our previously conducted methods [24] [25] [26] [27] [28] [29] . Briefly, each wound was photographed with a digital camera (Canon) alongside a thin ruler used as a graded scale bar. The wound areas in the photos were analyzed using NIH ImageJ software. The wound closure was calculated as a percentage of closed wound area relative to the initial wound area at 0 dpw. The excisonally wounded skin of the ear pinnae (rimmed with normal skin) were excised from animals after sacrifice, fixed in 4% paraformaldehyde for 12 h, soaked in 30% sucrose overnight, and then embedded into OCT (cryo-preserved). Serial cryosections (10-μm-thick/section) of each wound specimen were conducted through the center region of the widest wound bed on each wound specimen. The section of each wound representing the widest wound bed or the center of the wound were chosen for the following analysis. The epithelial gap and granulation tissue area were measured from the selected sections after hematoxylin and eosin (H&E) staining. The H&E-stained images were captured using Olympus scanning microscope and software OlyVIA2.4. Adobe Photoshop 9.0 software was used to measure re-epithelialization (%) and granulation area (mm 2 ). Re-epithelialization percentage was calculated as [(wound diameter at 0 dpw − epithelial gap (distance between advancing edges of migrated keratinocytes in the wound cross-section)/(wound diameter at 0 dpw) × 100%] as previously described. Granulation tissue was new connective tissue and blood vessel capillaries growing from the base of the wound [29] .
Statistical Analysis
All data were presented in mean ± standard deviation (SD), and analyzed using either one-way or two-way ANOVA tests. A p value of <0.01 or <0.05 was considered statistically significant. SPSS software (www.ibm.com) was used for the statistical analysis.
Results

Development of Surgical Procedures to Resect Select Nerves Entering the Ear Pinnae of Mice, Rats and Rabbits
The central, caudal, and rostral auricular nerves that enter the ear pinnae of these small animals were selected for the denervation study because they are the key nerve supplies to the downstream skin area of the ear pinnae [21] [22] [23] . These nerves are thin (especially for mice) and surrounded by arteries, veins, and other tissues. In order to identify the nerves, the denervation surgery was performed under an operating microscope; we also generated saline pouches in the skins by injecting saline intradermally to the base of ear pinnae
Ferguson's group also used saline pouches in their denervation operation of mouse ears [19] . We found that without the pouch, it is difficult to access the nerves of these small animals, especially for mice. To separate nerves from surrounding tissues, including arterials and veins, we mainly used microforceps. When cutting the connecting tissues with scalpels or microscissors, we checked the tissue from different angles to ensure the blood vessels were not damaged. The damage to blood vessels at the base of ear pinnae reduces healing of the excisional wounds made to the downstream skin areas following the denervation, which could confound the outcome of the denervation study. After the animals were sacrificed, the previously-incised skin at the ear bases were reincised and the resection sites were examined; there was no evidence of reconnection of the resected nerves.
Surgical Denervation of Select Nerves Markedly
To clearly identify the collective role of typical nerves (central, caudal, and rostral nerves) of ear pinnae in wound healing, and to develop the small animal models for the study targeting this role, we first determined the closure time courses of wounds in the surgically-denervated skin of the ear pinnae. A 2-mmdiameter excision of full-thickness skin was imposed to an ear pinna of C57BL/6 mice ( Fig. 1) or Sprague-Dawley rats (Supplemental Fig. 1 ) with (left ear) or without (right ear) the surgical denervation. In parallel, four 6-mm-diameter excisions of full-thickness skin were created in each ear pinna of New Zealand white rabbits (Figs. 3 and 4) with or without the surgical denervation. The non-denervated pinna excisions of mice, rats, or rabbits had minimal apparent necrosis and shed scabs from ∼5 dpw. The denervation of mouse ear pinnae resulted not only in no closure for 14 days but also tissue regression in the wound bed (Fig. 1a) . Specifically, tissues (including cartilages under the wound bed) were completely lost by 6 dpw, resulting in a hole that penetrated through the ear at a 2-mm diameter, the size of the original excision. The hole size expanded 3.1% (±2.9%, n = 4) by 14 dpw.
Tissue along the edges of the holes grew back slowly. By 21 dpw, the holes closed only 17.2% (±2.1%, n = 4, P < 0.01 vs 0% closure at 0 dpw), whereas the excisional wounds of nondenervated ear pinnae were completely closed (±0%, n = 4, p < 0.01 vs 17.2 ± 2.1% closure of denervated wounds at 21 dpw) (Fig. 1b) . It is interesting that the excisional wounds of non-denervated mouse ear pinnae [on the contralateral (right) side of the animal] did not form piercing holes; they closed 21.9% (±3.4%, n = 4, p < 0.01 vs 0% for denervated wounds at 6 dpw) by 6 dpw and 77.3% (±2.3%, n = 4, p < 0.01 vs 0% for denervated wounds at 14 dpw) by 14 dpw. In contract to mice, the denervation did not cause the formation of piercing holes in rats (Fig. 2) or rabbits (Fig. 3) . For rats, the denervation led to a 5.0% (±2.5%, n = 4) increase of excisional wound areas by 7 dpw and 43.7% reduction of wound closure at 12 dpw compared to nondenervated wounds [56.3 ± 5.1% vs 100 ± 0% (completely closed), n = 4, p < 0.01] (Fig. 2b) . For rabbits (Fig. 3) , the results Fig. 1 Microsurgical denervation of select nerves impeded the closure of full-thickness skin excision wounds of mouse ear pinnae. a Representative wound photos of denervated and non-denervated ear pinnae at 0, 6, 14, and 21 days post-wounding (dpw). Alongside the wound was a thin ruler with 1-mm divisions for reference. Arrows indicate the wounds. b Wound closure was calculated as the closed area percentage relative to original wound area (at 0 dpw). The wound areas were measured from the digital wound photos using ImageJ software. Data are mean ± SD (n = 4 mice). **p < 0.01, versus denervated wounds at the same dpw. ## p < 0.01, versus 0 dpw of non-denervated wound closures (%) minus denervated wound closures (%) are 14.2% (14.2 ± 2.1% vs 0%, n = 4, p < 0.01), 34.4% (63.2 ± 3.9% vs 28.8 ± 5.0%, n = 4, p < 0.01), and 28.3% (76.7 ± 4.2% vs 48.4 ± 5.4%, n = 4, p < 0.01) at 7, 14, and 18 dpw, respectively. Thus, the surgical denervation of central, caudal, and rostral nerves delayed closure of full-thickness skin excision wounds of mouse, rat, and rabbit ear pinnae.
Surgical Denervation of Central, Caudal and Rostral Nerves Reduced Re-epithelialization and Granulation Tissue Formation of Wounds in Ear Pinnae
Re-epithelialization and granulation tissue growth are pivotal processes of skin wound healing. When the central, caudal, and rostral nerves were resected at the bases of the ear pinnae, the excisional wounds of pinna skins (where the nerves entered) manifested significantly lower re-epithelialization and granulation tissue formation (Fig. 4) , n = 4, p < 0.01) less compared to non-denervated wounds at 12 dpw (Fig. 4b) . For rabbits (Fig. 4c) , the re-epithelialization of denervated wounds were 8.9% (58.0 ± 3.7% vs 66.9 ± 3.3%, n = 4, p < 0.05) less than the non-denervated wounds at 7 dpw, but the difference disappeared at 18 dpw. The granulation tissue areas of denervated wounds (Fig. 4c right) , n = 4, p < 0.01) less at 18 dpw compared to non-denervated wounds. It is noticed that the Fig. 3 Surgical denervation of central, caudal, and rostral nerves impaired the closure of full-thickness skin excision wounds of rabbit pinnae. a Representative wound photos of denervated and nondenervated ear pinnae at 0, 7, 14, and 18 days post-wounding (dpw). b Wound closure (%) was measured as in Fig. 2 . The surgery procedures were the same as those described in supplemental Fig. 1 . Data are mean ± SD (n = 4 rabbits). **p < 0.01, versus denervated wounds at the same dpw. ## p < 0.01, versus 0% wound closure at 0 dpw Fig. 2 Microsurgical denervation of select nerves delayed the closure of full-thickness skin excision wounds of rat ear pinnae. a Representative wound photos of denervated and non-denervated ear pinnae at 0, 7, and 12 days post-wounding (dpw). b Wound closure (%) measured as in Fig. 1 . Data are mean ± SD (n = 4 rats). **p < 0.01, versus denervated wounds at the same dpw. ## p < 0.01, versus wound closure at 0 dpw denervation attenuated wound closure of rabbits by 28.3% at 18 dpw (Fig. 3) whereas the re-epithelialization completely covered the wound epithelial gap for both denervated and nondenervated wounds (Fig. 4c left) . This is because the scab area covering the immature newly-grown epidermis was taken as unclosed wound area by the standard measurement of wound closure (Fig. 3) [16] [17] [18] . This wound closure may represent the healing status better since the immature newly-grown epithelia are likely unable to provide the needed mechanical protection and barrier against water evaporation or leakage. Most of the animals (∼95%) that underwent the denervation and excisional wounding survived until sacrificed and resumed normal eating, grooming, and movement 12 h after the surgery.
Discussion
There is compiling evidence demonstrating that nerves significantly contribute to adult human skin wound healing [1] [2] [3] [4] .
However, reported experimental evidence is lacking so far for the role of central, caudal, and rostral nerves of ear pinnae in ear tissue maintenance and regeneration. The scarcity of this knowledge not only affects studies of modalities and mechanisms in ear regeneration but also limits the usage of excisional ear skin wound models, which can recapitulate the contraction-minimal healing process of human wounds, in the studies of mechanisms and therapeutic development involving the role of nerves in human skin wound healing. We here aimed to fill the holes of this important gap of knowledge. Several nerves enter ear pinnae from their bases. We conducted specific denervation of the ear pinnae by surgically resecting the central, caudal, and rostral nerves because they are likely to play a critical role in ear wound healing [18] and they can be reproducibly accessed and resected.
Denervation of the central, caudal, and rostral nerves profoundly impeded the healing of full-thickness skin wounds created in the ear pinnae where these nerves enter (Figs. 1,  2, 3, and 4) . The impairment was stronger in mice than that in Fig. 4 Surgical denervation of central, caudal, and rostral nerves reduced the re-epithelialization and granulation tissue formation of fullthickness skin excision wounds of rat or rabbit pinnae. a Typical micro-images of the H&E-stained cryosections of excisional wounds of denervated and non-denervated ear pinnae. ep epidermis, g granulation tissues (circled by dashed lines), ca cartilage. Scale bar 200 μm. Insert an image at high magnification of the same section (scale bar 50 μm). Double red arrows mark the epithelial gap. b Re-epithelialization, % (left) granulation tissue areas (right) for rats at 12 dpw. c Reepithelialization, % (left) and granulation tissue areas (right) for rabbits at 7 and 18 dpw. Reepithelialization, % was calculated from the epithelial gap and wound diameter at 0 dpw. Epithelial gap and granulation tissue areas were analyzed using Adobe Photoshop 9.0 software0. Data are mean ± SD (n = 4 animals). *p < 0.05, **p < 0.01, versus non-denervated control at the same dpw rats or rabbits. By 6 dpw in mice, the denervation resulted in regression of the wound bed tissues and formation of a hole penetrating through the ear to the backside. The tissues along the edges of the holes grew back slowly (Figs. 1 and 2 ). This kind of tissue regression did not occur in rats or rabbits, suggesting the denervation-associated tissue regression is speciesdependent. The denervation-associated regression or regeneration of tissues, including ear cartilage in mouse ear pinnae, could be used as a mouse model in the study of nerveinvolved tissue maintenance and regeneration.
Surgical denervation impaired closure of the excisional full-thickness skin wounds of the ear pinnae of mice, rats, and rabbits (Figs. 1, 2, and 3) . There was more reduction of the wound closure in mice compared to rats or rabbits. The denervation also impeded re-epithelialization and granulation tissue growth of excisional wounds of the ear pinnae, both of which are pivotal processes of wound healing. The reduced granulation tissue growth indicates impairment of the regeneration of connective tissues and/or blood vessel capillaries that constitute the granulation tissues, and which are critical in wound healing.
We noticed that the excisional wound healing of the small animal ear pinnae was markedly slower compared to the excisional wound healing of the dorsal skin of C57BL/6 mice. Our previous experiments showed that the 4-mm-diameter wounds of full-thickness dorsal skin, which had contraction diminished by splints, need 14 days to close completely [30] , whereas in this report, the 2-mm-diameter ear wounds of the same type of mice without denervation needed 21 days for 100% closure to occur (Fig. 1) . The mechanism underlined this difference in closure rate warrants future studies.
There are multiple potential mechanisms that are likely to be responsible for the denervation impairment on ear excisional wound healing that was observed in this report. Cutaneous nerves innervate in the epidermis, dermis, and hypodermis, and some of these nerves terminate in free nerve endings. These nerves contribute to the healing of skin wounds, including ear pinna wounds. Innervation is likely to play a pivotal role in healing by regulating wound cellularity [13] . Capsaisin-induced denervation affects cellular mechanism in the wound environment, including proliferation and apoptosis [13] , reduced microvascular response and neovascularization, and prolonged inflammatory phase [2] . There were reduced monocyte, macrophage, and T-lymphocyte counts in denervated wounds 4 days post-wounding [31] , which is likely to contribute to the denervation impairment of wound healing. Denervation attenuates the levels of potent vasodilatory and chemotactic neurotrophins (including nerve growth factor) and neuropeptides, such as substance P, which triggers leukocyte chemotaxis, activation, and synthesis of transforming growth factor alpha. Substance P also induces expression of intracellular adhesion molecule-1 [31] and calcitonin generelated peptide, a neuropeptide found in C and Aδ sensory axons that stimulates T-lymphocyte and neutrophil migration [32] . Additionally, denervation interrupts the intimate interactions between nerves (such as axons and or Schwann cells) and surrounding cells (such as keratinocytes, endothelial cells [6] , fibroblasts [8] , and macrophages [7] ), which are pivotal for normal wound healing. There is still a lack of reliable animal models that replicate the effect of skin nerve damage to human wounds and that can be conducted easily. These models are the basis for further exploration of the mechanisms and therapies for wound healing. The small animal models preliminarily developed in this project provide a new useful tool to study wound healing.
Conclusion
To better recapitulate the role of nerves in adult human wound healing and find a better animal model for this purpose, we resected select nerves that supply the mouse, rat, or rabbit ear pinnae at the entrance or base and conducted excisional wound healing of the denervated pinna skin. This denervation caused a marked decline in wound healing, including wound closure, re-epithelialization, and granulation tissue growth, indicating that the denervation impeded the regeneration of blood capillaries and/or connective tissue in wounds. Importantly, some species variation was observed.
Based on the results of this report, further studies are required to determine the role of nerves in blood vessel regrowth and function, inflammation and leukocyte infiltration, infection, collagen deposition and wound remodeling, effectiveness of the skin barrier against water loss, and the mechanisms underlining the role of nerves, including nerve-produced neurotrophins and neuropeptides. Additionally, the unique small animal models developed or modified in this report are useful tools that can facilitate the studies of mechanisms and the therapeutic development of nerve-involved wound healing.
